Conjugal transfer of chromosomal DNA between strains of Mycobacterium smegmatis occurs by a novel mechanism. In a transposon mutagenesis screen, three transfer-defective insertions were mapped to the lsr2 gene of the donor strain mc 2 155. Because lsr2 encodes a nonspecific DNA-binding protein, mutations of lsr2 give rise to a variety of phenotypes, including an inability to form biofilms. In this study, we show that efficient DNA transfer between strains of M. smegmatis occurs in a mixed biofilm and that the process requires expression of lsr2 in the donor but not in the recipient strain. Testing cells from different strata of standing cultures showed that transfer occurred predominantly at the biofilm air-liquid interface, as other strata containing higher cell densities produced very few transconjugants. These data suggest that the biofilm plays a role beyond mere facilitation of cell-cell contact. Surprisingly, we found that under standard assay conditions the recipient strain does not form a biofilm. Taking these results together, we conclude that for transfer to occur, the recipient strain is actively recruited into the biofilm. In support of this idea, we show that donor and recipient cells are present in almost equal numbers in biofilms that produce transconjugants. Our demonstration of genetic exchange between mycobacteria in a mixed biofilm suggests that conjugation occurs in the environment. Since biofilms are considered to be the predominant natural microhabitat for bacteria, our finding emphasizes the importance of studying biological and physical processes that occur between cells in mixed biofilms.
Biofilms are dynamic communities of microorganisms that form on surfaces or at air-liquid interfaces (17, 20, 41) . They arise following the attachment of bacteria to a surface; the bacteria then grow, differentiate, and multiply. The colonizing bacteria produce extracellular polymers, which encapsulate the cells and trap particulate matter, nutrients, and other bacteria that in turn contribute to the further development of the biofilm. Thus, as the biofilm develops it becomes increasingly heterogeneous. Microbial life is thought to exist predominantly in a biofilm, and biofilms can have either beneficial or harmful impacts on their environments (23) . From a medical standpoint, biofilms can create serious problems. Bacteria within a biofilm are inherently more resistant to antibiotics, which makes their eradication difficult and is particularly problematic for patients with surgical implants resulting in chronic infections (19, 33) .
Mycobacteria are known to form biofilms; however, relatively little is known about the mechanism of biofilm formation and development or its role in the biology of Mycobacterium species. For practical reasons, most biofilm studies have focused on the more rapidly growing and less pathogenic species, namely, Mycobacterium fortuitum, M. marinum, and M. smegmatis (16, 18, 36) . In particular, genetic studies of M. smegmatis have provided insight into some of the key factors required for biofilm formation (5, 30, 31, 36, 37) . Glycopeptidolipids are required for initial surface attachment of M. smegmatis, while GroEL1 is required for a later stage of biofilm development. GroEL1 is thought to coordinate a switch in mycolic acid synthesis from very-long-chain (C 70 to C 90 ) to shorter-chain (C 56 to C 68 ) derivatives. The short-chain mycolic acids were proposed previously to form the extracellular matrix critical for biofilm formation (30) . The metabolic switch in mycolic acid synthesis was also correlated with iron availability. Under ironlimiting conditions or in exochelin mutants, biofilm formation is arrested, an event coincident with the synthesis of shortchain mycolic acids (31) .
A cytoplasmic protein, Lsr2, has also been shown to be critical in biofilm formation (5, 8) . Lsr2 was first described as an immunodominant antigen of M. leprae (24) ; however, it has since been shown to modulate a diverse range of processes. The resultant phenotypes of lsr2 mutants can be attributed to the ability of Lsr2 to bind DNA nonspecifically (6, 7, 15) . Lsr2 belongs to the family of histone-like DNA binding proteins, a fact that was demonstrated by showing that lsr2 can suppress hns mutant phenotypes in Escherichia coli and that hns can suppress lsr2 mutant phenotypes in M. smegmatis (14) . lsr2 mutants have an altered colony morphology and are defective in biofilm formation (2, 5, 8) . This phenotype is presumably a consequence of the altered expression of key surface proteins and apolar lipids, such as mycolyl-diacylglycerols, which are lacking in lsr2 mutants (5) . In this study, we show that mycobacterial conjugal DNA transfer requires Lsr2 and that genetic exchange occurs in a mixed biofilm.
We have previously described a novel conjugation system in M. smegmatis (34) . Chromosomal transfer occurs in a unidi-rectional fashion from a donor to a recipient, and this process requires prolonged cell-cell contact (47) . Our transfer studies to date have established that the genetic requirements differ markedly between the donor and recipient strains. Because bioinformatic searches of the completed M. smegmatis donor genome have failed to identify obvious transfer-related genes, transposon mutagenesis screens were used to empirically identify donor and recipient genes involved in DNA transfer. A transposon mutagenesis screen of the recipient strain identified loci throughout the genome that were necessary for efficient transfer (9) . In contrast, mutagenesis screens of the donor strain failed to identify transfer-defective mutants; instead, hyperconjugative donor mutants were found (12) . The hyperconjugative mutations mapped to the esx-1 locus, which encodes a highly conserved secretory apparatus (ESX-1) that is required for full virulence of M. tuberculosis (1, 10) , as well as for DNA transfer in the recipient M. smegmatis (9) . The hyperconjugative phenotype of esx-1 donor mutants indicated that protein secretion negatively regulates conjugal transfer from the donor.
We have exploited the hyperconjugative phenotype of esx-1 mutants so as to increase the sensitivity of a genetic screen for transfer-defective mutants (29) . This strategy resulted in the identification of lsr2 as being important for DNA transfer in the donor and led us to investigate the dependence of conjugation on biofilm formation. We show here that stationary liquid cultures develop a surface biofilm in which DNA transfer rates approach those found in our established solid-medium mating assays. Our data further suggest that the biofilm contributes in more ways than merely providing a concentrated cell environment, given that dense cell aggregates resting on the bottoms of these same stationary cultures are transfer deficient. The prevalence of heterogeneous, mixed biofilms in natural environments suggests that mycobacterial conjugal DNA transfer may occur outside the laboratory.
MATERIALS AND METHODS
Bacterial strains and media. The M. smegmatis donor strains used were derivatives of mc 2 155 (40): MKD158 contains a cassette encoding resistance to hygromycin (Hyg r ) integrated at the attL5 site (12) , and mc 2 155⌬esx-1 has the genes Msmeg_0055 to Msmeg_0078 of the esx-1 locus replaced with a gene encoding Hyg r (this strain was constructed by J. Wang using allele replacement). The recipient strain used was MKD8, which is resistant to streptomycin (Sm r ) (34) . mc 2 155 strains defective in glycolipid biosynthesis were a gift of Roberto Kolter: they contain mariner transposon insertions in mps, tmtpC, and atf1 (36) . M. smegmatis was normally grown at 37°C in Trypticase soy broth (TSB) or Luria-Bertani (LB) medium containing 0.05% Tween 80. Antibiotics were added to the medium at concentrations of 100 g/ml for hygromycin, 10 g/ml for kanamycin, 200 g/ml for streptomycin, and 5 g/ml for gentamicin.
For optimization of biofilm formation, the following media were assayed: LB medium, TSB, Middlebrook 7H9 medium supplemented with ADC (0.5% bovine serum albumin, 0.2% dextrose, 0.085% NaCl, and 0.0003% catalase), Sauton's medium (0.5 g/liter KH 2 PO 4 , pH 7.4, 0.5 g/liter MgSO 4 , 4.0 g/liter Lasparagine, 6% glycerol, 0.05 g/liter ferric ammonium citrate, 2.0 g/liter citric acid, and 0.0001% ZnSO 4 ), and M63 salts medium (37) . All biofilm assays were performed at 30°C.
E. coli DH5␣ was used throughout the study for routine molecular genetic techniques. Cell cultures were grown in LB medium at 37°C. When appropriate, antibiotics were added at concentrations of 75 g/ml for hygromycin, 50 g/ml for kanamycin, and 15 g/ml for gentamicin.
Transposon mutagenesis. A mutant transposon insertion library was constructed in mc 2 155⌬esx-1 (29) by using a temperature-sensitive phage to deliver a mariner transposon encoding kanamycin resistance (Km r ) (3, 39) . Individual donor insertion mutants were screened for defects in conjugation by using a microtiter mating assay, and insertions were mapped as described previously (29) . Briefly, chromosomal BamHI fragments encoding resistance to Km r were cloned, and the site of insertion was determined by DNA sequence analysis using primers that annealed to the Km r gene. 155⌬esx-1 strain into MKD158 by using the generalized transducing phage Bxz1 as described previously (25) .
Mating assay. The effects of insertion mutations on donor activity were determined using a quantitative mating assay to measure the conjugation frequency (expressed as the number of transconjugants per donor) (34) . In all crosses, transconjugants were selected on medium containing hygromycin and streptomycin. The transfer frequencies reported are the averages of at least three crosses, which were performed in parallel with wild-type donor and recipient controls. For biofilm mating assays, 5 ml of biofilm medium was inoculated with 50-l aliquots of overnight cultures of donor and recipient cells. The mixed cultures were grown for 8 h at 30°C, with shaking at 260 rpm. Following this initial incubation, the cultures were incubated at 30°C without shaking for 5 to 6 days to allow biofilm development. The biofilm pellicle was carefully removed from the standing liquid culture and resuspended in 1 ml of TSB with Tween 80 by mixing with a vortex mixer for 5 min. The numbers of donors, recipients, and transconjugants present in the biofilm were then determined by plating cells onto the appropriate selective medium. In the time course experiment, mixed cultures were established in parallel in plastic Falcon tubes. At each time point, a 1-ml sample was removed from each tube by using a syringe and a needle. Samples were taken from the biofilm pellicle and the planktonic and sedimentary layers of the culture tubes. Only one phase was removed from an individual tube in order to avoid mixing of the contents during sampling. Each sample was agitated with a vortex mixer to disperse cells before being plated onto appropriate medium to select for donor, recipient, or transconjugant cells.
Site-directed mutagenesis. The lsr2 gene knockout strain, MKD158⌬lsr2, was generated by allele exchange using recombineering methodology (44, 45) . Briefly, 800-bp segments of DNA flanking each side of lsr2 were amplified and cloned on either side of a cassette encoding kanamycin resistance in the vector pMD30 (11) . The plasmid was linearized and then introduced by electroporation into mc 2 155, in which expression of the Che9c recombination genes had been induced. Recombinants were selected, and precise allele replacements were confirmed by PCR and DNA sequence analysis of the PCR product.
Complementation studies. The M. smegmatis lsr2 gene with 150 bp of upstream sequence was amplified from mc 2 155 genomic DNA and cloned into pPR23 (35) . mc 2 155⌬lsr2 was transformed with the resulting plasmid (pPR23Mslsr2), and complementation was evaluated in a mating-out assay. A complementing plasmid expressing the lsr2 homologue from M. tuberculosis was constructed in a similar manner, following amplification of the gene from M. tuberculosis genomic DNA. All constructs were checked by DNA sequencing. All mycobacterial strains harboring pPR23 derivatives were grown at 30°C, as pPR23 is temperature sensitive for replication.
RESULTS
lsr2 is required for conjugation in the donor strain of M. smegmatis. esx-1 mutants of M. smegmatis mc 2 155 have a hyperconjugative phenotype, with 20-to 50-fold-higher transfer frequencies than the parent strain (12) . We reasoned that this higher transfer frequency would increase the sensitivity of our high-throughput mating screen and thereby enhance the isolation of transfer-defective mutants. A deletion of esx-1 genes Msmeg_0055 to Msmeg_0078 was created by allele replacement with a gene encoding hygromycin resistance (Hyg r ). The ⌬esx-1 derivative had an elevated transfer frequency and was used in a mariner (Km r ) transposon mutagenesis screen for transfer mutants. In a screen of 18,000 insertion mutants, we identified three independent, transfer-defective insertions in the lsr2 gene (Msmeg_6092). For each insertion, transfer was reduced between 500-and 380-fold ( Fig. 1 ; also data not shown). To confirm that this phenotype was independent of the esx-1 deletion, we transduced one of the lsr2::Km r insertions into the wild-type parent strain (MKD158). A similar transfer defect was observed, except that the overall frequencies of conjugation were 20-to 50-fold lower, as expected in the wild-type background ( Fig. 1 ). The lsr2 gene is 116 bp downstream from a gene encoding lysyl-tRNA synthetase and 269 bp upstream of clpC1. Two approaches were used to demonstrate that the transposon insertions were not causing polar effects on the downstream gene, clpC1, which is predicted to encode an ATP-dependent peptidase. First, the wild-type copy of lsr2 was amplified and cloned into a mycobacterial plasmid. This plasmid, pPR23lsr2, was introduced into the lsr2::Km r strain and then used in a mating assay. The ectopic copy of lsr2 restored transfer to wild-type levels ( Fig. 1 ). Second, a precise deletion of lsr2 was made by allele exchange in MKD158. This deletion caused a similar defect in transfer and was complemented in trans by pPR23lsr2. The Lsr2 amino acid sequence is highly conserved among mycobacteria, and we showed that the protein's functional activity is also conserved by complementing the lsr2 mutations with the lsr2 orthologue from M. tuberculosis (Rv3597). For each mutant tested, donor transfer activity was restored almost to wild-type levels.
Lsr2 mutants are known to be defective in biofilm formation (5, 8, 22) . We confirmed that each of our lsr2 mutants is defective in biofilm formation and that ectopic copies of lsr2 eliminate this phenotype (Fig. 1 ). There were subtle, but reproducible, differences in biofilm morphology among the strains, which are likely a consequence of partial complementation and/or differences in the genetic backgrounds of the strains. However, for the purposes of this work, the data indicate that the ability to form biofilms and transfer DNA can be attributed to the presence of a wild-type copy of lsr2.
DNA transfer occurs in a mixed biofilm. In earlier studies, we found that DNA transfer occurred only when donor and recipient cells were coincubated on a solid medium (34) . Despite numerous attempts, we could not detect DNA transfer in liquid medium. We had assumed that the inability to transfer in liquid medium was a result of inefficient cell-cell contact and/or instability of mating pairs. However, the donor requirement for lsr2 prompted us to reexamine the possibility that transfer can occur in liquid medium but within a biofilm. The standard solid-medium filter mating procedure involves concentrating donor and recipient cells (ϳ2 ϫ 10 8 of each type) onto a filter, which is incubated on nonselective medium for at least 18 h at 30°C. The cells are then collected and plated onto antibioticcontaining medium to select for transconjugants. Note that transconjugants are not detected at early time points in this assay. Successful transfer also requires coincubation of cells: transconjugants are not detected if donor and recipient cells are preincubated separately for 18 h on individual filters on solid medium and then sandwiched together. These observations suggest a requirement for cocultivation entailing direct contact of donor and recipient cells to allow developmentally triggered events to occur before initiation of transfer.
One scenario suggested by our data was that the impaired mating of the lsr2 mutant is due to its inability to form a biofilm and that, even on solid agar medium, the ability to produce a biofilm is an important factor in conjugative DNA transfer. Plausibly, all or part of the 18-h delay before transconjugants are detected on solid medium represents the time necessary for biofilm-like conditions to arise.
Pure and mixed cultures of donor and recipient cells were grown under conditions suitable for biofilm formation. Unexpectedly, the recipient strain failed to form a biofilm under the standard conditions tested (Fig. 2) . The recipient strain, MKD8, is an independent isolate of M. smegmatis (27) , and thus it is not a simple biofilm mutant derivative of mc 2 155. The introduction of pPR23lsr2 into MKD8 did not confer the ability to form a biofilm (data not shown), ruling out the possibility that MKD8 carries a defective lsr2 gene. Surprisingly, despite the biofilm defect of the recipient, both recipient and transconjugant cells were present (along with the donor) in the mixedculture biofilm. Recipient and donor cells were found at almost equal numbers in the biofilm, where DNA transfer occurred at frequencies approaching those observed on solid medium (Fig.  2) . Thus, recipient cells are apparently recruited by donor cells or by the biofilm itself, and they become an integral part of the growing biofilm. The mixed biofilm was also morphologically different from the donor biofilm, indicating that despite the recipient's inability to form a biofilm de novo, the recipient strain is able to modify biofilm development (Fig. 2) . Presumably, the cocultivation of donor and recipient in the mixed biofilms provides the environmental and physiological conditions appropriate for DNA transfer.
We note that the dynamics of donor and recipient cell growth in the biofilm were not always uniform. In the experiments described above and also in those described below, equal proportions of donor and recipient cells were generally observed. However, sometimes the proportions of donor and recipient cells in the final biofilm varied wildly (as much as 100-fold), despite our starting with a balanced inoculum. This variation most likely reflects our rudimentary understanding of the parameters that influence biofilm formation and the importance of the initial seeding events.
Experiments described in most published studies have utilized modified M63 medium for mycobacterial biofilm formation (30, 36) ; however, because we wished to optimize conditions for DNA transfer, we compared transfer frequencies in biofilms cultured in a variety of media, including M63, 7H9, LB, TSB, and Sauton's (all in the absence of the detergent Tween 80). Biofilms were formed in mixed cultures grown in all of these media, but transconjugants were detected only in biofilms grown in M63, LB, or TSB. Moreover, biofilms grown in LB or TSB consistently generated Ͼ10-fold more transconjugants per donor than those grown in M63 medium. Thus, subsequent experiments were all performed with TSB, in which a biofilm is visible after 2 to 3 days of incubation and from which cells are harvested for plating after 5 to 6 days.
Detergents are known to inhibit biofilm formation (26, 43) ; this was confirmed by the addition of Tween 80 to TSB. We have observed previously that the addition of Tween 80 to solid medium inhibits DNA transfer and that thus both solid-and liquid-medium mating assays are inhibited by Tween 80. This observation suggests that detergents disrupt cell-cell interactions essential for DNA transfer. The impairment of biofilm formation by detergents may contribute to the destabilization of these putative interactions, leading to reduced DNA transfer efficiencies.
Copper (Cu 2؉ ) stimulates biofilm formation by the recipient strain. Divalent metal ions such as iron (Fe 2ϩ ) are essential for biofilm formation by mycobacteria (31) . TSB is a complex medium containing trace amounts of many metals that can support planktonic growth, but these metal ions may become depleted during later stages of growth, when they would still be required for biofilm formation and/or DNA transfer. The addition of EDTA to TSB prevented biofilm formation and transfer, thus demonstrating a requirement for divalent ions (Fig.  3A) . A variety of divalent ions (i.e., Ca 2ϩ , Zn 2ϩ , Cu 2ϩ , Ni 2ϩ , and Fe 2ϩ ) were added to the medium to determine which, if any, affected (either stimulated or inhibited) biofilm formation and/or DNA transfer (data not shown). The addition of Fe 2ϩ had negligible effects on biofilm growth and levels of DNA transfer; presumably, there are sufficient levels of this known After 6 days of incubation, the biofilms were photographed. MKD8 fails to form a pellicle and yields no growth up the sides of the test tube, in contrast to the donor strain MK158. The addition of copper to the medium dramatically enhanced biofilm formation by the recipient strain, as demonstrated by both the growth on the tube sides and the clarity of the planktonic phase. The addition of iron did not enhance biofilm formation under these conditions. (B) Mixed-biofilm formation increases with increasing concentrations of copper. In a cross between the donor (mc 2 155⌬esx-1) and recipient (MKD8), the mixed biofilm is enhanced with increasing concentrations of copper. The copper ion concentration (a micromolar value) is indicated below each tube.
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on October 2, 2017 by guest http://jb.asm.org/ effector in TSB to promote biofilm formation. In contrast, the addition of Cu 2ϩ (100 M) markedly enhanced biofilm growth for both donor and recipient strains and in mixed cultures. More surprisingly, the addition of Cu 2ϩ allowed the recipient strain to form a macroscopically visible biofilm, although less robust than typical donor-produced biofilms (Fig. 3) . In mating experiments using concentrations varying from 1 to 100 M, copper visually enhanced biofilm formation at concentrations up to 100 M (Fig. 3B) . We also detected a small, but reproducible, increase in DNA transfer efficiency (up to 10-fold) in the presence of Cu 2ϩ (100 M); evidently, the increased capacity of the recipient to be incorporated into the biofilm was also facilitating transfer (Fig. 3B) .
DNA transfer only occurs in the biofilm. In our previous attempts to demonstrate transfer in liquid medium, mixed cultures of donor and recipient strains were incubated for only 2 days (the standard time for solid-medium crosses), a considerably shorter time period than the 5-to 6-day incubation used for the biofilm assays. Thus, it was plausible that, given enough time, transfer would be detected in the liquid phase, as well as in the biofilm. Crosses from the same inoculum were set up in triplicate in plastic tubes, which were incubated for 6 days to allow biofilm formation. Aliquots were then carefully removed by piercing the tubes with syringe needles in three different locations: at the surface of the liquid culture for biofilm growth, at the middle stratum for planktonic growth, and at the bottom of the culture for clumped cells. To avoid mixing layers upon sampling, we took only a single sample from each plastic tube. Donor and recipient cells were found in approximately equal numbers throughout the tube, with the lowest numbers in the middle, i.e., the planktonic phase, as expected for a standing culture (Fig. 4) . Transconjugants were absent from the planktonic growth. The sediment at the bottom of the tube had very few transconjugants (for example, in one experiment, two transconjugants were detected), despite containing the highest numbers of both donor and recipient cells (10 8 of each). Indeed, as clumps of cells were sometimes seen to break away from the biofilm layer and to settle at the bottom of the tube, it is possible that the rare transconjugants identified in the sediment originated from the biofilm. In contrast, transfer occurred efficiently in the biofilm, at frequencies approaching those observed for solid-medium crosses. From these experiments, we conclude that the biofilm environment promotes DNA transfer.
In a time course experiment, we demonstrated that DNA transfer is coincident with biofilm maturation. Crosses were initiated in parallel, by inoculation with aliquots from a single donor and recipient mix, and biofilm samples were taken every 24 h for 7 days. For each time point, the viable cell count was determined for donors, recipients, and transconjugants (Fig.  5) . The biofilm was first seen on day 3, coincident with a significant increase in the donor cell count. The recipient cell count lagged approximately 1 day behind that of the donor cells, but by day 5, the ratio of donors to recipients approximated 1:1. Transconjugants were first detected at day 3, and their numbers increased over time, paralleling the increases in donor and recipient cells, as well as the maturation of the biofilm. The parallel growth curves of the donor and recipient indicated that, while recipient cells do not produce a biofilm, they are recruited very efficiently into the biofilm and that, once integrated, they grow at rates similar to those of the donor cells.
Biofilm formation is necessary but not sufficient for transfer. As predicted, lsr2 mutants did not form a biofilm, and transconjugants could not be detected at the air-liquid inter- face. These defects could be efficiently overcome by expressing lsr2 in trans, with or without the esx-1 locus (Fig. 1) . We also tested mutants containing transposon insertions in genes required for the synthesis of glycopeptidolipids (GPL); the insertions result in reduced cell motility and reduced biofilm formation (36) . While lsr2 mutants were incapable of forming a biofilm under the experimental conditions described here, the three GPL mutant strains formed atypical biofilms: cells clumped together to form floating islands rather than a single continuous layer across the surface (Fig. 6 ). Transconjugants were detected in the crosses using the GPL mutant donors, but because the clumped cells were so difficult to resuspend, we were unable to accurately evaluate cell viability and transfer frequency. The GPL mutants transferred at wild-type frequencies in crosses on solid medium (Fig. 6) . The transfer proficiency of GPL mutants contrasts with the requirement for lsr2 in both biofilm and solid-medium mating assays. This finding suggests either that lsr2 is regulating genes needed for DNA transfer, in addition to those needed for biofilm formation, or that the vestigial biofilms formed by the GPL mutants provide an environment permissive for conjugation.
We have recently described a donor-defective transfer mutation in a gene encoding a membrane-localized lipoprotein called LpqM (29) . Transfer from lpqM mutants is typically reduced Ͼ500-fold in plate matings. We therefore tested whether DNA transfer in a biofilm was equally sensitive to the lpqM donor defect. Figure 6 shows that the lpqM mutant donor formed a robust mixed biofilm with the recipient strain but that no transconjugants were detected (Ͻ1 transconjugation event per 10 8 donors occurred), implying that transfer in a biofilm is more sensitive to the lpqM mutation than is transfer on solid medium. Thus, in liquid medium, biofilm formation appears to be necessary (as indicated by lsr2 mutants), but not sufficient (as indicated by lpqM mutants), for DNA transfer.
DISCUSSION
In this study, we have established that conjugal DNA transfer between strains of M. smegmatis can take place in a biofilm. Biofilms have been observed for many mycobacterial species, which are generally studied as clonal populations of cells. Such homogeneity, while sometimes experimentally necessary, does not exist in a natural environmental setting, where mixed populations of bacteria coexist. Our demonstration of conjugal DNA transfer in a biofilm is the first description of a physical process known to occur between different cell types in a mycobacterial biofilm. This finding illustrates the potential value of mixed-biofilm studies to examine other physiological and biochemical processes that occur between different cell types and species. In addition, although genetic exchange between M. smegmatis strains has been observed thus far only under laboratory conditions, our finding suggests that DNA transfer will occur in nature. To date, we have not observed conjugation between different mycobacterial species. The work presented here suggests that the use of biofilm conditions will be a logical starting point from which to revisit interspecies horizontal gene transfer.
Like M. smegmatis, M. tuberculosis can form biofilms in vitro, although a role of biofilms in infective growth has not yet been fully investigated (32) . The M. tuberculosis biofilm was shown to contain drug-tolerant persister cells, hinting that biofilms play an important biological role during infection, as M. tuberculosis cells persist in vivo despite long-term antibiotic treatments. By extrapolation, it is possible that mixed biofilms also form in vivo, given that coinfection with different M. tuberculosis strains is known to occur (4, 42, 46, 49) . Our work suggests that if genetic exchange occurs between strains of M. tuberculosis, it will occur in such mixed biofilms, thereby expanding the in vivo genetic pool and increasing the likelihood that recombinants with increased persistence, virulence, or drug tolerance will arise.
Biofilm formation may facilitate mycobacterial DNA transfer by augmenting cell-cell contacts that cannot occur in liquid phases. However, mycobacterial transfer is not facilitated simply by close contact of cells; analysis of clumped cells at the bottom of the liquid phase showed that transfer in this phase was extraordinarily inefficient. Thus, while mycobacterial biofilms promote cell-cell contact, they also are likely to provide other conditions that facilitate conjugation. Our earlier studies have shown that small, secreted proteins, such as EsxA and EsxB, are important mediators of transfer (9, 12) ; it is possible that the biofilm matrix maintains these proteins at functional concentrations. Biofilm formation and conjugation are also FIG. 6 . Biofilm formation alone is not sufficient for transfer. An lpqM mutant of M. smegmatis (lpqM Ϫ ) forms robust biofilms similar to those of wild-type donors MKD6 and MKD158 but is defective in DNA transfer both in biofilms and on solid medium. M. smegmatis mutants (atf1::km, mps::km, and tmtpC::km strains) that are defective in glycolipid synthesis form altered biofilms yet support DNA transfer (Tra ϩ ). Transfer frequencies for these three mutants could not be determined because the cells clumped so excessively that it was impossible to resuspend the biofilms into a uniform suspension. Transfer frequencies are shown for crosses carried out either in a biofilm or on solid medium using MKD8 as the recipient. The frequencies are the numbers of transconjugants per donor and are based on results from at least three experiments. ND, none detectable, i.e., less than 1 transconjugant per 10 8 donor cells.
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on October 2, 2017 by guest http://jb.asm.org/ linked in E. coli, although conversely, it is the biofilm that is dependent on the synthesis of pili encoded by conjugative plasmids (13) . Mutations in traA, which encodes the F Ϫ plasmid pilin subunit, render its E. coli host defective for biofilm formation. Thus, conjugative plasmids drive biofilm formation by promoting cell-cell contact via conjugative pili. Moreover, when cell-cell contact between donor and recipient cells occurs, conjugation can lead to the epidemic spread of the plasmid through a receptive biofilm population (38) . The capability to promote genetic exchange within a biofilm is likely to provide a rapid means of short-term adaptation to a changing biofilm environment (28) . Our strains of M. smegmatis do not contain conjugative plasmids, and the donor strain mc 2 155 does not carry any known pilus genes; thus, the forces driving mycobacterial donor-recipient cell contact will be mechanistically different from those mediated by classical conjugative pili. Nevertheless, the genetic determinants that facilitate DNA transfer from donor to recipient strains of M. smegmatis may be subject to selective pressures similar to those acting on E. coli conjugative plasmids. Our work here indicates that the biofilm matrix facilitates cell-cell contact and provides important factors/conditions which promote DNA transfer. Future genetic analyses should define the various contributions of biofilm formation to DNA transfer.
A surprising characteristic of the recipient strain is that it is defective in biofilm formation, yet it is efficiently captured in the biofilm and can multiply to generate cell numbers equal to those of the donor strain at later stages of biofilm growth. Although we observed a slight lag in the detection of recipient cells relative to the donors, the small difference in cell numbers at early time points is not consistent with the initial formation of a donor biofilm and the subsequent capture of recipient cells. Instead, we prefer the hypothesis that, initially, donor and recipient cells are found in equal numbers at the air-liquid interface. As the donor strain produces a biofilm, neighboring recipient cells are assimilated into the matrix. In the absence of the donor, recipient cells most likely aggregate in a nonproductive fashion and sink into the liquid phase. The cocultivation concept is also supported by the fact that the overall structure of the mixed biofilm is reproducibly different from that of the pure donor biofilm (Fig. 2) . Thus, the recipient cells contribute to the overall morphological development of the biofilm. Moreover, because any transconjugants that form will have hybrid genotypes, the biofilm will have expanded genetic diversity, allowing its component cells to adjust to changing conditions. Individual transconjugants will have different genotypes, and some will have gained the capacity to retransfer their DNA (47); thus, the mixed biofilm will comprise a truly dynamic and unique population of cells, and no two biofilms will be identical. We note that DNA transfer and biofilm formation are independent processes: transconjugants can become donors and acquire the ability to form biofilms, but rarely are both characteristics coinherited by the transconjugants (data not shown).
The biofilm defect of the recipient was also eliminated by the addition of copper (Fig. 3) . The pellicles formed in the presence of copper were not as robust as those observed in the donor strain, but they did increase in mass with increasing copper concentrations. Transfer also increased in the presence of copper ions, and the increase was concomitant with an increase in the proportion of recipient cells in the mixed pellicle. Although copper is essential for both planktonic and biofilm growth, it is toxic at high concentrations, and resistance to lower concentrations is generally mediated by copper-specific transporters, which are activated by low levels of copper (21) . M. tuberculosis grows normally in the presence of relatively low (25 to 50 M) levels of copper but has been found to be sensitive to a copper concentration of 500 M (48). In the latter study, a small but distinct set of M. tuberculosis genes were shown to respond to copper-containing medium; they included both genes encoding transporters and genes encoding transcriptional regulators. What is the role of copper in biofilm formation? It certainly does not substitute for an absence of iron, given that the addition of iron to the medium had no obvious effect on pellicle formation. One possibility is that the presence of copper induces transcriptional regulators, which in turn increase expression of a gene or genes that allow the recipient to generate a biofilm by itself. The regulators could be responding directly to copper per se or indirectly to cellular stress induced by copper-mediated oxidative damage (21) .
Lsr2 is a nonspecific DNA binding protein that belongs to the H-NS-like protein family (14, 15) . Thus, one possible explanation for the role of Lsr2 in conjugation is that Lsr2 promotes transfer by binding and protecting the transferred DNA. This scenario would also explain the requirement for Lsr2 in the donor but not the recipient. Alternatively, Lsr2 may be required for regulation of genes important for DNA transfer. It is generally assumed that the Lsr2 defect in biofilm formation is a consequence of the deregulation of genes normally repressed by Lsr2: such genes include those necessary for membrane integrity. While our work here is consistent with the idea that Lsr2 affects transfer because of its role in the regulation of genes required for biofilms, evidence for additional contributions of Lsr2 comes from the observation that other biofilm mutants remained transfer proficient on solid medium (Fig. 6) . Thus, we anticipate finding other Lsr2-regulated genes that will be important for DNA transfer both on solid medium and in a biofilm. Indeed, transcriptional studies have shown that Lsr2 negatively regulates esx-1 genes (6, 7, 15) , and we have demonstrated previously that Esx-1-mediated secretion negatively regulates transfer from the donor (12) . However, the lsr2 mutants described in the present study were isolated in a ⌬esx-1 background, so we can rule out Lsr2 regulation of esx-1 as a factor in our experiments.
The lsr2 defect in transfer was less severe on solid medium than in liquid medium, and that was also true for the lpqM transfer mutant. The concentration of large numbers of cells in the solid-medium mating assay most likely forces cell-cell contacts, thereby obviating the biofilm contribution to DNA transfer. In crosses on solid medium, there was an 18-h delay before transconjugants could be detected, and the transfer frequency peaked at 24 h (31). We propose that this delay reflects the time required for the formation of solid-mediumbased biofilm conditions suitable for DNA transfer, conditions that are, in part, regulated by Lsr2.
Perhaps our finding that mycobacterial conjugation is biofilm dependent should not have been unexpected: the biofilm environment allows genetically dissimilar partners to be stably held in close proximity. We anticipate that our ongoing genetic dissection of the conjugation process will identify additional biofilm synthesis genes, some of which will be regulated by Lsr2.
